Abstract: Immunotherapy using adoptive cell transfer is a promising approach that can result in the regression of bulky, invasive cancer in some patients. However, currently available therapies remain less successful than desired. To study the mechanisms of action and possible improvements in cell-transfer therapies, we use a murine model system with analogous components to the treatment of patients. T cell receptor transgenic CD8 ؉ T cells (pmel-1) specifically recognizing the melanocyte differentiation antigen gp100 are adoptively transferred into lympho-depleted mice bearing large, established, 14-day subcutaneous B16 melanoma (0.5-1 cm in diameter) on the day of treatment. Adoptive cell transfer in combination with interleukin interleukin-2 or interleukin-15 cytokine administration and vaccination using an altered form of the target antigen, gp100, can result in the complete and durable regression of large tumor burdens. Complete responders frequently develop autoimmunity with vitiligo at the former tumor site that often spreads to involve the whole coat. These findings have important implications for the design of immunotherapy trials in humans.
THE PROBLEM
Metastatic melanoma is a significant public health concern in the United States with increasing incidence and mortality rates over the past several decades. The estimated lifetime risk of melanoma in the United States is approximately one in 55 males and one in 82 females [1] . Approximately 55,100 cases of invasive melanoma are estimated for 2004 [1] . It is estimated that 7910 patients with metastatic melanoma will die of their disease this year [1] .
The ability to successfully and consistently treat advanced melanoma has been an elusive goal. At initial presentation to physicians, the majority of patients will have skin disease only without palpable nodes or evidence of distant metastases [2] .
Most patients will undergo surgical treatment by wide local excision alone; additionally, sentinel lymph node biopsy and/or regional nodal dissection may be used. After surgical resection to render patients clinically free of disease, clinical observation, adjuvant therapy using interferon-␣ (IFN-␣) or experimental therapies may be recommended [3] . Despite these interventions, some patients will progress to develop metastatic disease and succumb to their illness [4] . Thus, new therapies capable of treating advanced metastatic melanoma are urgently needed.
IMMUNOTHERAPY TO DESTROY BULKY, INVASIVE CANCER
A wide variety of therapies for metastatic melanoma have been attempted including surgery, radiotherapy, chemotherapy, and biological therapy. In some instances, immunotherapy can be used effectively to treat patients with metastatic disease. Complete and durable regression of stage IV melanoma has been reported using interleukin-2 (IL-2)-based immunotherapy alone [5] . At our institution, 182 patients with metastatic melanoma were treated with high-dose intravenous (i.v.) bolus IL-2 between September 1985 and November 1996. As of June 2003, 12 patients (7%) were complete responders, and 16 patients (9%) were partial responders for a total response rate of 15%. All patients who were complete responders beyond 18 months (83%) remained free of disease as of June 2003.
Although a limited number of patients can be cured of metastatic melanoma solely using high-dose IL-2, the response rate still remains low. This has led to the use of IL-2 in conjunction with other treatment modalities, including vaccines, monoclonal antibodies, and the adoptive transfer of T lymphocytes. The generation of highly active, tumor-specific lymphocytes and their administration in large numbers to patients are the basis of adoptive cell-transfer therapy [6] .
Recently, our group reported that after a lympho-depleting but nonmyeloablative-conditioning regimen, the adoptive transfer of highly selected, tumor antigen-specific T cells directed against self-derived differentiation antigens in combination with IL-2, can lead to objective tumor regressions in approximately 45% of patients [7] . However, the biological mechanisms by which tumor regression is elicited have not been elucidated clearly. Thus, the development of a murine model system with analogous components to the treatment of human patients could have important implications for our understanding of current therapies and the design of future immunotherapies.
THE DEVELOPMENT OF AN ANALOGOUS MODEL TO THE HUMAN EXPERIENCE
Clinical efforts using biologic therapy are largely based on mouse models, where the prevention of tumor implantation and growth is often the measure of success. Prevention models are not generally applicable with respect to the treatment of patients, as individuals rarely present to physicians for treatment before the initial development of disease. When treatment models are used for preclinical data, treated tumors in mice are usually extremely small. In studies focusing on adoptive immunotherapy, investigators frequently report on the treatment of pulmonary "metastases" created by the i.v. injection of tumor cells, which are then treated with lymphocytes injected via the same route. Although previous studies have reported approaches that may induce complete regression of established solid tumors, these immunotherapeutic regimens have largely been directed against non-self antigens. Indeed, many of the existing tumor systems target model (foreign) antigens that have been artificially inserted into the tumor genome, whereas the majority of human tumor-associated antigens targeted in clinical efforts are nonmutated self-antigens [8] .
In an effort to determine the components of successful immunotherapy in a relevant model of established cancer, we sought to treat large, established, subcutaneous B16 melanoma, a highly aggressive tumor in C57BL/6 mice [9] . B16 is poorly immunogenic [10] . This tumor expresses low levels of major histocompatibility complex (MHC) class I and no class II [11] . Of note, MHC classes I and II are inducible in B16 upon treatment with IFN-␥ [11] . Analogous to the human experience, B16 melanoma naturally expresses the mouse homologue (pmel-17) of human gp100, an enzyme involved in pigment synthesis that is expressed by normal and transformed melanocytes [12, 13] .
Indeed, gp100 represents an example of a family of tumorassociated, unmutated "self" antigens, which are frequently found to be the target antigens recognized by T cells that infiltrate human melanoma tumors. We described previously the cloning of the unmutated mouse (m) homologue of gp100 from B16 melanoma [14] . From this work, we identified an epitope derived from human (h) gp100, KVPRNQDWL (gp100 25-33 ), which represented an altered form of mgp100 25-33 , EGSRNQDWL [15] , with improved binding to ϩ epitope from the gp100/pmel-17 protein mouse gp100 25-33 (EGSRNQDWL) or human gp100 25-33 (KVPRNQDWL). APC, Antigen-presenting cell. 6 fresh pmel-1 CD8 ϩ T splenocytes was undertaken in combination with recombinant (r)hIL-2 cytokine administration at 36 g doses intraperitoneally (i.p.), twice a day for 3 days, and a fowlpox virus encoding human gp100 (rFPVhgp100) into wild-type C57BL/6 mice 7 days after establishment of lung nodules. Kaplan-Meier survival curves illustrating significant survival benefit from with complete treatment regimen. the MHC [16] . It is interesting that gp100-specific, H-2D brestricted, CD8
ϩ T cells capable of recognizing B16 melanoma and normal melanocytes could only be elicited when the altered peptide was used [15] .
To further study antitumor T cell responses, we developed a transgenic mouse strain designated "pmel-1" on a C57BL/6 background [16] . Pmel-1 express the V␣1V␤13 T cell receptor (TCR) and specifically recognize the H-2D brestricted mouse and human gp100 25-33 epitopes similar to the previously described Clone #9 T cell upon which it was based [15, 16] (Fig. 1) . Thus, the pmel-1 transgenic mouse could be used to generate tumor-reactive CD8 ϩ T cells for adoptive cell-transfer experiments, as well as provide a platform to study mechanisms of tolerance for self-reactive T cells.
IMPLICATIONS FROM THE ANIMAL MODEL
Using this model system, we were able to define three elements that were all strictly necessary to induce tumor regression of large, established, poorly immunogenic, unmanipulated, solid tumors: adoptive transfer of tumor-specific T cells; T cell stimulation through antigen-specific vaccination with an altered peptide ligand, rather than the native self-peptide; and co-administration of a T cell growth and activation factor such as IL-2 or IL-15 [16, 17] . This approach can also be used to treat 7-day, established lung nodules (Fig. 2) .
To further augment clinical relevance, we used this tripartite regimen of cells, vaccine, and administration of a T cell growth/activation factor against a large, established, subcutaneous (s.c.) tumor in lympho-depleted hosts. Adoptive cell transfer with the CD8 ϩ V␤13 ϩ pmel-1 cell was undertaken alone or in a combination with IL-2 administration with or without a fowlpox virus encoding hgp100 (rFPVhgp100; Fig. 3) . Tumor regression was observed in mice receiving the complete treatment regimen consisting of adoptive transfer of pmel-1 cells, rFPVhgp100 vaccination, and IL-2 (Fig. 4A) . Regimens consisting of any other combination of adoptively transferred cells, vaccine, and IL-2 did not result in dramatic tumor regression (Fig. 4A) . The optimal treatment regimen led to complete regression of ϩ T splenocytes was undertaken alone or in combination with rhIL-2 cytokine administration at 36 g doses i.p., twice a day for 3 days, and/or a fowlpox virus encoding human gp100 (rFPVhgp100) into sublethally irradiated C57BL/6 mice bearing 14-day, established s. large tumors greater than 50 mm 2 in area (Fig. 4B) . The combination of pmel-1 cells, vaccine, and IL-2 prolonged the survival of mice compared with mice receiving no treatment, pmel-1 cells alone, pmel-1 cells plus vaccine, or pmel-1 cells plus IL-2. Additionally, this approach is noted to work on a large tumor burden consisting of a combination of 14-day s.c. tumor with 7-day lung nodules (data not shown).
Mice with complete regression of tumor exhibited vitiligo at the previous site of tumor. Frequently, vitilgo spread randomly throughout the full coat of the mouse (Fig. 5) . This phenomenon of developing vitiligo has been reported previously in melanoma patients undergoing successful immunotherapy [18, 19] . Thus, complete tumor regression seems to be correlated with the development of autoimmunity in our model.
FROM BEDSIDE TO BENCH AND BACKѧ
Immunotherapy using adoptive cell transfer is a promising approach that can result in the regression of bulky, invasive cancer in some patients. However, currently available therapies are still less successful than desired. We have developed a murine model that allows us to study the mechanisms of action in the treatment of aggressive, large, established melanoma. Recent successful manipulations in this animal model are being translated into clinical investigation. To further advance clinical therapy, intensive preclinical studies are ongoing to unravel the mechanisms of action with the hope of improving therapeutic efficacy. Research is under way investigating the use of cytokines besides IL-2, such as IL-15 [17] , IL-7, and IL-21, as well as the manipulation of the host immune environment. In addition, we are actively studying the role of CD4 ϩ T helper cells [20] and regulatory T cells during immunotherapy [21] . 
